The metazoan O-mannose (O-Man) glycoproteome is largely unknown. It has been shown that up to 30% of brain O-glycans are of the O-Man type, but essentially only alpha-dystroglycan (α-DG) of the dystrophin-glycoprotein complex is well characterized as an O-Man glycoprotein. Defects in O-Man glycosylation underlie congenital muscular dystrophies and considerable efforts have been devoted to explore this O-glycoproteome without much success. Here, we used our SimpleCell strategy using nuclease-mediated gene editing of a human cell line (MDA-MB-231) to reduce the structural heterogeneity of O-Man glycans and to probe the OMan glycoproteome. In this breast cancer cell line we found that O-Man glycosylation is primarily found on cadherins and plexins on β-strands in extracellular cadherin and Ig-like, plexin and transcription factor domains. The positions and evolutionary conservation of O-Man glycans in cadherins suggest that they play important functional roles for this large group of cell adhesion glycoproteins, which can now be addressed. The developed O-Man SimpleCell strategy is applicable to most types of cell lines and enables proteome-wide discovery of O-Man protein glycosylation.
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POMGnT1 | O-glycosylation | Orbitrap | mass spectrometry | glycoproteomics P rotein O-glycosylation of the O-mannose (O-Man) type found on Ser and Thr residues was initially thought to be restricted to yeast and fungi, and only within the last two decades has it been shown that this glycosylation occurs in metazoans (1, 2) . O-Man glycosylation of the basement membrane glycoprotein α-dystroglycan (α-DG) is essential for assembly and function of the dystrophin-glycoprotein complex that links the cytoskeleton with the extracellular matrix, and deficiencies in all of the enzymes involved in the O-Man glycosylation underlie congenital muscular dystrophies (dystroglycanopathies) (3) (4) (5) .
In yeast, O-mannosylation is found on a wide variety of proteins, although this O-glycoproteome is still rather unexplored. In mammals, early studies identified O-Man oligosaccharides released from isolated rat brain proteoglycans by mild alkaline borohydride treatment (6, 7) , and subsequent studies clarified these structures as shown in Fig. 1A (8) . However, for a long time, α-DG was the only well-characterized protein known to be O-mannosylated in mammals despite evidence that O-Man glycans constitute a major part of the total O-glycans in the brain (8, 9) . A few other proteins have been demonstrated or suggested to contain O-Man glycans, including recombinantly expressed IgG2 (10), RPTPβ/ζ (11), CD24 (12), neurofascin 186 (13), as well as lecticans (14) , and gel-based analysis has suggested that O-Man glycoproteins are of high molecular weight (9) . More recently, it was demonstrated that the brains of α-DG −/− brain-specific knockout mice had unchanged levels of O-Man glycans (15) . There are multiple types of metazoan protein O-glycosylation, most of which have been demonstrated to play roles in protein structure and function. However, our knowledge of O-glycoproteomes and especially sites of attachment of O-glycans is still very limited for several types of O-glycosylation including O-Man. Technical constraints primarily related to lack of enrichment strategies and predictive consensus sequence motifs, in addition to heterogeneity in structures of O-glycans, have long hampered identification of O-glycan attachment sites (9, 16) .
O-mannosylation of proteins is initiated in endoplasmic reticulum (ER) by transfer of mannose from dolichol monophosphateactivated mannose to serine and threonine by homologous protein O-mannosyltransferases (PMTs). Yeast has at least six PMTs grouped into three subfamilies, PMT1, PMT2, and PMT4, while metazoans only have two PMT orthologs, POMT1 and POMT2, grouped in subfamilies PMT4 and PMT2, respectively (17) . The specific contribution of each PMT isoform to O-mannosylation is predicted to be different but detailed information on substrate specificities of individual isoenzymes is largely missing (1) . Studies have shown, however, that members of the PMT4 subfamily may act selectively on membrane bound protein substrates (18) . In human O-Man glycans are generally elongated sequentially with N-acetylglucosamine (GlcNAc) and galactose (Gal) and capped by sialic acid (NeuAc), glucuronic acid (GlcA), or fucose (Fig. 1A) . The first step in this elongation is the addition of GlcNAc to the O-Man glycans, catalyzed by a single enzyme, protein O-linkedmannose beta-1,2-N-acetylglucosaminyltransferase 1 (POMGnT1) (4) . An alternative elongation pathway, which has so far only been identified at one specific O-Man site in α-DG, involves elongation of O-Man by the UDP-GlcNAc: Manα1-O-Ser/Thr β1,4GlcNAc-transferase (POMGnT2/GTDC2) (19) . This pathway involves further elongation by β3GalNAc-T2 with subsequent phosphorylation of the mannose residue by POMK (SGK196) which is extended with GlcA and xylose by like-acetylglucosaminyltransferase to form the structure required for DG function (19, 20) .
Significance
Protein O-mannosylation is believed to be an abundant modification of proteins, but only very few glycoproteins with O-mannose have been identified to date. Here, we present a unique strategy for proteome-wide discovery of O-mannosylated glycoproteins, and using this strategy we find that the important cadherin and plexin families of cell membrane receptors are O-mannosylated. The presented strategy invites the opportunity for wider exploration of the O-mannose glycoproteome and studies of the functions of O-mannose glycans. We previously developed a strategy to analyze GalNAc-type O-glycoproteins on a proteome-wide level using zinc finger nuclease (ZFN) gene engineered human cell lines with simplified O-glycan structures, the so-called "SimpleCell" (16) . "Bottomup" higher-energy collision-induced dissociation-electron-transfer dissociation (HCD/ETD)-based mass spectrometric analysis has allowed us to provide a first draft of the human O-GalNAc glycoproteome where we expanded the knowledge of O-glycoproteins and O-glycosites many fold (21) . Here, we designed a similar strategy to simplify O-Man glycans in a human breast cancer cell line, which allowed us to probe the O-Man glycoproteome. The strategy led to identification of over 50 unique O-Man glycoproteins with more than 230 glycosites, and the surprising finding that the large cadherin family of membrane receptors is the major carrier of O-Man glycans.
Results and Discussion
Development of O-Man SimpleCells for O-Glycoproteomics. We used the human MDA-MB-231 breast cancer cell line because we previously identified O-GalNAc glycosites in the mucin-linker domain of α-DG in MDA-MB-231 O-GalNAc SimpleCells (21) . α-DG contains both O-Man and O-GalNAc glycans in this region (22) (23) (24) , and some sites are potentially occupied by either type of glycosylation (25) . This dual-occupancy was also proposed in neurofascin 186 (13) . We reasoned that we could identify O-Man sites and the interplay between the two types of O-glycosylation on α-DG and other proteins in MDA-MB-231 with both types of glycosylation simplified, making both O-Man and O-GalNAc glycopeptides easily identifiable. O-Man was simplified by ZFN targeting of the POMGNT1 gene, which encodes for POMGnT1 controlling the first step in elongation of O-Man glycans ( Fig. 1A) (4) . Knockout of POMGnT1 is expected to truncate most O-Man glycosylation, although the function of POMGnT2 recently shown to extend O-Man by β1,4GlcNAc on α-DG could potentially compensate (19) (Fig. 1A) . So far this pathway has only been associated with a few O-Man glycosites (Thr317, Thr319, and Thr379) in α-DG (20, 26) , and the POMGnT2 enzyme has only been tested with a peptide derived from the site at Thr317. Moreover, we did not identify glycosites in these regions in the present study despite finding many of the expected O-Man glycosites in the N-terminal region of the mucin domain of α-DG (Fig. 2) . Nevertheless, mice deficient in POMGnT1 have previously been shown to produce truncated O-glycans, suggesting that the majority of O-Man glycosylation is elongated by POMGnT1 (15) . O-GalNAc was simplified by targeting the private chaperone, COSMC, for the core UDP-Gal: GalNAcα1-O-Ser/Thr β1,3gal-actosyltransferase (C1GalT1) controlling the first step in O-GalNAc elongation (16) . We previously developed a workflow for isolation and characterization of GalNAc O-glycopeptides from O-GalNAc SimpleCells (16, 27) , which we modified for Man O-glycopeptides using Concanavalin A (Con A) lectin chromatography (Fig. 1B) . Total cell lysates as well as secretomes were analyzed after enrichment of the growth medium on a short Con A column. Because Con A binds mannose and also will enrich for N-glycopeptides the total protease digests were treated with PNGase F to remove N-glycans before isolation of O-Man glycopeptides on a long Con A column and subsequent separation and analysis by nanoflow liquid chromatography-mass spectrometry (nLC-MS/MS). Using this strategy O-Man glycopeptides from α-DG and a total of 51 unique O-Man glycoproteins were identified, comprising a total of 235 O-Man glycosites (Table 1 and Dataset S1). We did not identify any of the individual proteins more recently suggested to carry O-Man glycans (10) (11) (12) (13) (14) , which could be due to a number of reasons including experimental limitations as well as lack of expression of these proteins in MDA-MB-231 cells. Identification of O-Man Glycosites on α-DG. For α-DG we obtained the greatest coverage of human O-glycosites so far, and we could confirm that O-Man and O-GalNAc glycosites are distributed in N-and C-terminal regions, respectively, of the mucin domain ( Fig. 2) (25) . Four O-Man glycopeptides from α-DG were identified allowing assignment of 11 additional unique human O-Man glycosites in the N-terminal region of the mucin domain (Fig. S1 ). While only a few of these sites have been identified in man, the majority of the sites have previously been identified in mice and rabbits (20, 25, (28) (29) (30) . No glycopeptides were identified in the region previously shown to carry the phosphoryl-Man glycan (Fig. 2) , which was expected if simple O-Man glycans are not available on digested peptide fragments for capture by Con A. These data also support the notion that the phosphoryl modification of O-Man at Thr317, Thr319, and Thr379 is specific for these residues. We previously identified a number of O-GalNAc glycosites using the SimpleCell strategy ( Fig. 2) (21) , and in the present study no glycopeptides with mixtures of O-Man and O-GalNAc were identified, but one glycopeptide (Pro361-Arg373) with three O-Man glycosites (Thr367, Thr369, and Thr372) in the middle were previously found with two O-GalNAc O-glycosites (Thr367 and Thr369). This confirms that some glycosites serve as acceptors for both O-Man and O-GalNAc glycosylation.
Cadherins Are Major O-Man Glycoproteins. The major surprise was identification of the large cadherin family of cell membrane receptors as the major carrier of O-Man glycans (Table 1 and Dataset S1). We identified 37 distinct members of the cadherin superfamily with O-Man glycosites, and further sequence analysis suggests distinct evolutionary conservation in distribution of glycosites, in particular in the extracellular cadherin (EC) domains EC2-5 of classical type 1 and 2 cadherins (Fig. 3) . No O-Man glycosites were found in the EC1 domains of classical cadherins, but we previously identified an O-GalNAc glycosite in EC1 of Eand T-cadherins that appears conserved in several cadherins (Fig.  3) . Some of the O-Man sites identified in the cadherin EC2-5 domains were also found in the crystal structure of secreted Eand N-cadherins expressed in human HEK293 cells, although these were not concluded to represent O-Man (31). Although less conserved, the protocadherins exhibit similar distribution and conservation of glycosites. In protocadherins, the majority of sites were found in the largest subgroup of the diverse cadherin superfamily, the clustered protocadherins. The clustered protocadherins are predominantly expressed in the brain (32) , and glycosites were mainly found in EC2-3 and to some degree in EC5-6 but not EC4. The function of O-Man glycans in cadherins is clearly unknown at present, but the conserved distribution and orientation of glycans on the surface of the membrane proximal EC domains offer a plausible scenario for positive or negative guidance of trans-and cis-interactions required for the assembly of the network of cadherin ectodomains that is believed to be the basis for the extracellular architecture of adherens junctions (31, 33) . found conserved O-Man glycans on Ig-like, plexin and transcription factor (IPT) domains (Fig. S2) . Plexins are large transmembrane glycoproteins that function as the receptors for semaphorins serving as axon guidance cues for neural development, but they also have nonneural roles (34) . The extracellular domains of plexins have one sema domain, two or three Met-related sequences, and several glycine-proline-rich Ig-domains that are shared by plexins and transcription factors, and all these domains are shared with the Met family tyrosine kinases. The O-Man sites were identified in three out of four IPT domains of the plexins, and the sites are largely conserved in all four plexin subgroups. We also found O-Man sites in the IPT domains of two members of the Scatter Factor Receptor family, HGFR and MST1R.
A Unique O-Man Mucin-Like Membrane Glycoprotein. The study also identified an uncharacterized large membrane protein (KIAA1549) with a high number of O-Man glycosites (Dataset S1). The function of this protein is unknown and it has only been implicated in a tandem duplication event at 7q34 that leads to a fusion between KIAA1549 and BRAF expression of a fusion protein with constitutive kinase activity in a majority of pilocytic astrocytomas (35 also identified with O-GalNAc (21) . All of the protein disulphideisomerases (PDIs) have C-terminal KDEL-like ER retrieval signals and hence will be exposed to both the ER and Golgi, which offers the possibility of acquiring either O-Man or O-GalNAc glycans. O-Man glycosylation is initiated co-and posttranslationally in ER and can interfere with N-glycosylation and protein folding (36, 37) , while O-GalNAc glycosylation is initiated in cis-Golgi (38) . However, the initiating polypeptide GalNAc-transferases can function in ER (38) and they can relocate to ER by activation of Src kinases, opening up the possibility for direct competition (39, 40) . This may represent another example of common substrate recognition between two forms of O-glycosylation similar to α-DG as discussed above.
Given the large number of O-Man glycosites now available, we sought to identify potential acceptor sequence motifs for O-mannosylation. Among all of the sites identified in cadherins and plexins, there did not appear to be discernible common sequence features suggestive of a glycosylation motif (Fig. S4) . Instead, we found that all but one of the O-Man glycosites identified in proteins for which structures are deposited in structural databases are located on β-strands (Figs. S5-S7) . O-Man glycosites in α-DG and KIAA1549 are located in disordered regions and looking at these separately did also not produce any clear sequence motifs. Interestingly, the NetOGlyc4.0 predictor showed overlap with O-Man glycosites only in these proteins and not in cadherins and plexins, which is in agreement with the finding that O-GalNAc glycosites are mainly predicted to be located in disordered regions (21) . Human only has two O-mannosyltransferases, POMT1 and POMT2, and in yeast an ortholog of POMT1 in the PMT4 subfamily was demonstrated to selectively function with membrane proteins (18) . It is thus tempting to speculate that POMT1 and POMT2 have different substrate specificities and that POMT1 primarily functions with membrane proteins with a preference for β-strands, while POMT2 primarily recognize linear sequence motifs in disordered regions similar to polypeptide GalNActransferases. Deficiencies in both genes underlie similar congenital muscular dystrophy phenotypes, but this may be associated with a need for POMT2 to function in a heteromeric complex (17, 41) .
O-Man glycans are clearly essential for ligand binding to α-DG, as demonstrated by the severe dystroglycanopathies caused by hypoglycosylation (3) . Congenital deficiencies in all of the genes involved in O-Man glycosylation produce muscular dystrophy phenotypes (42) , but it is premature to identify phenotypic characteristics ascribable to other O-Man glycoproteins such as cadherins and plexins. However, it is clear that both families of proteins serve a range of essential functions that could be part of the phenotypes observed. O-Man glycosylation in yeast has multiple functions including those ascribed to O-GalNAc glycosylation in metazoans, i.e., roles for conformation, stability, and secretion of proteins (1) . In yeast Pmt1p/Pmt2p, directed O-Man glycosylation has been demonstrated to play a role for ER protein quality control (43) , and more recently the yeast Pmt1/2 mannosyltransferase complex was demonstrated to serve as a termination sensor of futile protein folding in ER (37) .
In conclusion, the proteome-wide analysis of the O-Man glycoproteome presented here provides an entirely unique view of distinct classes of O-Man glycoproteins such as the cadherins and plexins, and the study provides insight into the structural feature (β-strands) governing this type of glycosylation. We applied the O-Man SimpleCell engineering strategy to a breast cancer cell line that we had already engineered for simplification of O-GalNAc glycosylation to be able to compare O-Man and O-GalNAc glycosites on α-DG. The O-Man glycoproteome is therefore limited to proteins expressed and O-mannosylated in this cell line. Given that O-Man glycans appear to be particularly abundant in brain, further exploration of the O-Man glycoproteome is clearly warranted, and the presented SimpleCell engineering strategy for exploration of the O-Man glycoprotome can now be widely applied to other cell lines and transgenic animals.
Materials and Methods
ZFN Gene Targeting. ZFN targeting constructs for COSMC and POMGNT1 were custom produced (Sigma-Aldrich) with the following binding and (cutting) sites: COSMC 5′-CCCAACCAGGTAGT(AGAAGGCT)GTTGTTCAGATATGGCTGTT-3′; and POMGNT1 5′-AGCCAAGGCTCT(GCTGA)GGAGCCTGGGCAGCCAGG-3′. The MDA-MB-231 COSMC knockout O-GalNAc SimpleCell was generated as previously described (21) . The MDA-MB-231 COSMC/POMGNT1 double knockout was generated by three sequential transfections with POMGNT1 ZFN pairs in the MDA-MB-231 COSMC knockout cell line. Transfected pools were single cell cloned by limiting dilution and clones identified by size difference in PCR product amplified around the ZFN cut site. Mutations were identified by sequencing of TOPO-cloned PCR fragments using the following primer pairs: 5′-AGGGAGGGATGATTTGGAAG-3′ and 5′-TTGTCAGAACCATTTG-GAGGT-3′for COSMC; and 5′-TAGTTCGTGCTCTGTGAGGC-3′ and 5′-CACTGCCA-CTGGCTCCTATT-3′ for POMGNT1 (Fig. S8) .
Lectin Weak Affinity Chromatography Isolation of O-Man Glycopeptides. The lectin weak affinity chromatography (LWAC) protocol for isolation of O-Man glycopeptides was modified from our previously described method for isolation of O-GalNAc glycopeptides (16) . In brief, a total of 140 mL conditioned media (secretome) or 0.5 mL packed cells (total cell lysate) was harvested from the MDA-MB-231 COSMC/POMGNT1 double knockout cell line grown in DMEM supplemented with 10% (vol/vol) FBS and 1% glutamine and processed as detailed hereafter. Secretome. Conditioned media obtained from 4× T175 flasks (4× 35 mL) cultured for 72-96 h, harvested by centrifugation (2,500 × g, 10 min) were dialyzed (Mw cutoff, 3,500 Da) twice against 5 L 20 mM Tris·HCl, pH 7.4, centrifuged (2,500 × g, 10 min), and diluted in 140 mL 2× Con A binding buffer A (40 mM Tris·HCl, pH 7.4, 300 mM NaCl, 2 mM CaCl 2 /MgCl 2 /MnCl 2 / ZnCl 2 , 1 M urea) or 2× Vicia villosa agglutinin (VVA) buffer (40 mM Tris·HCl, pH 7.4, 300 mM NaCl, 2 mM CaCl 2 /MgCl 2 /MnCl 2 /ZnCl 2 , 2 M urea) before subjected to either Con A or VVA lectin chromatography for enrichment of O-mannosylated and N-glycosylated glycoproteins or O-GalNAc glycoproteins, respectively. Con A and VVA agarose (Vector Laboratories) 0.5-0.7 mL in 2 mL syringes were equilibrated in Con A buffer A or VVA buffer A, respectively. The sample was loaded twice followed by 10-20 column volumes (CVs) wash in Con A buffer A or VVA buffer A, 2-4 CVs in 50 mM ammonium bicarbonate, and enriched glycoproteins were eluted by heating (2× 90°C 10 min, and 2× wash of the beads) in the presence of 0.05% RapiGest (Waters) in 50 mM ammonium bicarbonate. The eluates were further processed as for cell lysates for digestion and N-glycan deglycosylation described below. Total cell lysates. Packed cells from 2× T175 flasks at confluency were lysed in 0.1% RapiGest in 50 mM ammonium bicarbonate with a sonic probe and the solution cleared by centrifugation (1,000 × g for 10 min). The cleared lysate and secretome samples were heated for 10 min at 80°C, followed by reduction (5 mM DTT, 60°C, 0.5 h) and alkylation (10 mM iodoacetamide, room temperature, 0.5 h), and digestion with trypsin (25 μg, Roche), Chymotrypsin (25 μg, Roche) or GluC (20 μg, Promega) (37°C on). Proteases were heat inactivated (95°C, 20 min) before N-glycanase treatment with PNGase F (8 U, Roche) (37°C on), and then incubated 4 h more with additional PNGase F (3 U). N-deglycosylated digests were treated with TFA (8 μL, 37°C, 20 min), cleared by centrifugation, purified on C18 Sep-Pak (Waters), concentrated by Speedvac, and resuspended in Con A buffer A to 1 mL before loading onto a preequilibrated (Con A buffer A 20 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1 mM CaCl 2 /MgCl 2 /MnCl 2 /ZnCl 2 , 0.5 M urea) 2.8-m long Con A lectin agarose column for isolation of O-man glycopeptides. The column was washed with 10 CVs Con A buffer A (100 μL·min , 1-mL fractions); glycopeptide-containing fractions were purified by Stage Tips (Thermo Scientific) for analysis.
nLC-MS/MS Analysis. Mass spectrometric analyses were performed essentially as previously described (27) . Samples were analyzed either on a setup composed of an EASY-nLC II (Thermo Fisher Scientific) interfaced via a nanoSpray Flex ion source to an LTQ-Orbitrap XL hybrid spectrometer (Thermo Fisher Scientific) or an EASY-nLC 1000 (Thermo Fisher Scientific) interfaced via a nanoSpray Flex ion source to an LTQ-Orbitrap Velos Pro hybrid spectrometer (Thermo Fisher Scientific). The instruments were equipped with capabilities for both HCD-and ETD-MS2 fragmentation modes.
The conditions of LC analysis were essentially as previously described (27) . The EASY-nLC II was equipped with a single analytical column set up using PicoFrit Emitters (New Objectives, 75-μm inner diameter) packed in-house with Reprosil-Pure-AQ C18 phase (Dr. Maisch, 3-μm particle size). The EASYnLC 1000 was also operated in a single analytical column set up (28-cm length, 75-μm inner diameter, and 1.9-μm particle size). Briefly, a precursor MS1 scan (m/z 350-1,700 for LTQ-Orbitrap XL or 350-1,500 for LTQ-Orbitrap Velos Pro) of intact peptides was acquired in the Orbitrap at a nominal resolution setting of 30,000, followed by Orbitrap HCD-MS2 and ETD-MS2 (m/z of 100-2,000) of the three (LTQ-Orbitrap XL) or five (LTQ-Orbitrap Velos Pro) most abundant multiply charged precursors in the MS1 spectrum; a minimum MS1 signal threshold of 5,000 ions (LTQ-Orbitrap XL) or 20,000 (LTQ-Orbitrap Velos Pro) was used for triggering data-dependent fragmentation events; MS2 spectra were acquired at a resolution of 7,500 (LTQOrbitrap XL) or 15,000 (LTQ-Orbitrap Velos Pro).
Data Analysis. Data processing was carried out using Proteome Discoverer 1.4 software (Thermo Fisher Scientific) as previously described (27) with minor changes in preprocessing and processing procedures. The monosaccharide subtraction routine for correctly interpreting HCD spectra was used as previously described (27) , i.e., the exact masses of 1, 2, 3, and 4 hexose (Hex) units were subtracted from the corresponding precursor ion mass, generating four distinct files. The .raw files and subtracted .mgf files were searched against the human-specific UniProt database downloaded on Feb. 13, 2013, using semispecific trypsin, chymotrypsin, or GluC proteolytic cleavage. Carbamidomethyl was set as fixed modification for cysteine residues; methionine oxidation and asparagine deamidation were set as variable modifications; Hex was allowed as an additional variable modification when considering ETD-MS2 spectra. Fragmentation spectra of candidate-matched glycopeptides associated with each protein were inspected to verify accuracy of sequence and site assignments.
Note Added in Proof. The authors were made aware of an upcoming paper with the related finding of O-mannose residues identified on rabbit cadherins (44) .
